Experimental motivation and empirical consistency 
in minimal no-collapse quantum mechanics 
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We analyze three important experimental domains (SQUIDs, molecular interferometry, and Bose- 
Einstein condensation) as well as quantum-biophysical studies of the neuronal apparatus to argue 
that (i) the universal validity of unitary dynamics and the superposition principle has been confirmed 
far into the mesoscopic and macroscopic realm in all experiments conducted thus far; (ii) all observed 
"restrictions" can be correctly and completely accounted for by taking into account environmental 
decoherence effects; (iii) no positive experimental evidence exists for physical state-vector collapse; 
(iv) the perception of single "outcomes" is likely to be explainable through decoherence effects in 
the neuronal apparatus. We also discuss recent progress in the understanding of the emergence of 
quantum probabilities and the objectification of observables. We conclude that it is not only viable, 
but moreover compelling to regard a minimal no-collapse quantum theory as a leading candidate 
for a physically motivated and empirically consistent interpretation of quantum mechanics. 
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I. INTRODUCTION 

Historically, quantum theory was motivated by the 
need to describe the behavior of microscopic systems not 
explainable by the laws of classical physics. Not only 
was quantum mechanics deemed unnecessary for a de- 
scription of the macroworld of our experience, it also 
led to "strange" consequences that seemed to blatantly 
contradict our experience, as famously illustrated by the 
Schrodinger-cat Gedanken experiment and later gen- 
erally referred to as the "measurement problem." There- 
fore quantum theory was often, as in the Copenhagen in- 
terpretation, banned a priori from the macrosopic realm. 

Over the past decade, however, a rapidly grow- 
ing number of experiments have demonstrated the ex- 
istence of quantum superpositions of mesoscopically 
and macrosopically distinct states on increasingly large 
scales. Such superpositions are observed as individual 
quantum states and are perfectly explained by unitarily 
evolving wave functions. On the other hand, decoher- 
ence theory @,|3jSSIEI3 has enabled one to understand 
the fragility of such superpositions, and thus the extreme 
difficulty in observing them outside of sophisticated ex- 
perimental setups, as being due to ubiquitous quantum 
interactions with environmental degrees of freedom. 

These developments have thus extended the domain for 
an application of quantum theory far into the mesoscopic 
and macroscopic realm, which lends strong support to 
assuming a universally exact and applicable Schrodinger 
equation. To make a physically compelling case for such 
a purely unitary quantum theory we must pursue two 
related goals. First, we ought to continue to design ex- 
periments which demonstrate the existence of quantum 
superpositions of macrosopically distinct states — and 
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which, ideally, can explicitly rule out collapse models. 
Second, since the assumption of a universal Schrodinger 
dynamics implies that superpositions of (presumably 
macroscopically) different observer states are both possi- 
ble and inescapable if we include physical observers into 
the quantum-mechanical description, we must simultane- 
ously show that environmental decoherence provides the 
necessary and sufficient mechanism to explain our obser- 
vation of a "classical" world. The emergence of the latter 
can then be understood not only in spite of, but precisely 
because of the quantum formalism — no classical preju- 
dice need to be imposed. 

The formal basis for a derivation of a viable inter- 
pretation of quantum mechanics from the "bare" uni- 
tary formalism alone has been outlined in several papers. 
The basic idea was introduced in Everett's proposal of 
a relative-state view of quantum mechanics |p. It was 
later adapted and popularized by deWitt [gl. llOl ITU in 
his "many-worlds" interpretation of quantum mechanics, 
whose elements go far beyond the abstract sketches of Ev- 
erett und which must therefore be strictly distinguished 
from Everett's proposal J^]. Relative-state interpreta- 
tions were subsequently fleshed out, by taking into ac- 
count decoherence effects, in works by Zeh (2, 0, lisj . 
Zurek Isl [T3 . ITsIl . W allace and others (see, for 

example, Il9l ^2(J| ) . Such a theory can be based on the 
most minimal set of assumptions about the quantum for- 
malism and its interpretation. First, a completely known 
(pure) state of an isolated quantum system S is described 
by a normalized state vector {ip) in a Hilbert space Hg. 
Second, the time evolution of a state vector {ip) is given 

by the Schrodinger equation ih^\4>) = Hg, where Hg is 
the Hamiltonian of the system S. No mention is made 
of measurements in this formulation. Instead, measure- 
ments are described without special axioms in terms of 
physical interactions between systems described by state 
vectors (wave functions) and governed by suitable inter- 
action Hamiltonians. Observables then emerge as a de- 
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rived concept (see, for example, 

In this paper, however, we take a less formal route and 
focus on an analysis of the experimental and theoretical 
progress (with an emphasis on the former) towards the 
two goals mentioned before, namely, the continued ac- 
quisition of experimental evidence for superpositions of 
macrosopically distinct states and an explanation for the 
emergence of definite perceptions in spite of an assumed 
universal validity of the superposition principle. 

Our goal is to show that there is no experimental evi- 
dence for a breakdown of the superposition principle and 
the related interference effects at any length scale inves- 
tigated thus far. Whenever a decay of such superpo- 
sitions is observed, it can be fully accounted for (both 
experimentally and theoretically) as resulting from en- 
vironmental interactions. The absense of any empirical 
evidence for nonlinear deviations from unitary time evo- 
lution, combined with the ability to give an empirically 
adequate description of the decoherence of superpositions 
into apparent mixtures, provides good reasons to take the 
universal validity of the Schrodinger equation as a work- 
ing assumption and to explore the consequences of this 
assumption. 

The resulting theory will require more attention to 
a detailed quantum-mechanical description of observers 
and observations. Such an account is interpretation- 
neutral, while the question of its relevance for solving 
the measurement problem may depend on the particular 
features of an interpretation. This is so because there ex- 
ist interpretations, for example, Bohmian mechanics or 
modal interpretations, that claim to solve the measure- 
ment problem without having to give an explicit account 
of the physical processes describing observers and obser- 
vations (see also Sec. 

This paper is organized as follows. In Sec. IHl we 
shall discuss and analyze three important experimen- 
tal domains — superconducting quantum interference de- 
vices (SQUIDs), matter- wave interferometry, and Bose- 
Einstein condensation — that have provided evidence for 
superpositions of macroscopically distinguishable states. 
Sec. mil comments on the current status of physical col- 
lapse theories in view of the described experiments. In 
Sees. IIVI and [3 we shall discuss steps towards the res- 
olution of two issues that have often been considered as 
posing a challenge to relative-state interpretations: The 
question of the origin of quantum probabilities and the 
connection with Born's rule, and the problem of the "ob- 
jectification" of observables and thus the emergence of 
"classical reality." Sec. IVII analyzes theoretical models 
for decoherence in the perceptive and cognitive appara- 
tus, and the implications of such decoherence processes. 
Finally, in Sec. IVIII we shall summarize our main con- 
clusions and discuss possible next steps. 



II. SUPERPOSITIONS OF 
MACROSCOPICALLY DISTINCT STATES: 
EXPERIMENTS AND IMPLICATIONS 

In the following, we shall describe three recent exper- 
imental areas that have led to (or that are very close to 
achieving) the observation of superpositions of mesoscop- 
ically and macroscopically distinguishable states: Coher- 
ent quantum tunneling in SQUIDs fSec. lII Bl) . diffraction 
of C70 (and larger) molecules in matter- wave interferom- 
eters fSec. lII C|) . and number-difference superpositions in 
two-species Bose-Einstein condensates fSec. lII Dl . These 
experiments have achieved the largest such superposi- 
tions observed thus far and also represent the most 
promising experimental domains for achieving even larger 
superpositions in the future. 

For some earlier experiments demonstrating meso- 
scopic and macrosopic quantum effects, see the setups 
usin g su perconductors ,21, 22j 23j^24jJ^], nanoscale mag- 
nets |2a, I27I |28| , laser-cooled trapped ions |29] , and pho- 
tons in a microwave cavity [sol IsH . We would also like 
to mention Leggett's review article [s^ which discusses 
some experiments that probe the limits of quantum me- 
chanics. Leggett's motivation, however, is somewhat dif- 
ferent than that of the present author, as Leggett's main 
aim is to assess the status of physical collapse theories in 
view of these experiments. 

A. Measuring the macrosopic distinctness of states 
in a superposition 

Before embarking on an analysis of the experiments, 
we shall first lend a more precise meaning to the ubiqui- 
tous phrase "superposition of macrosopically distinct (or 
distinguishable) states." If confronted with a superposi- 
tion of two states |^) and \B) of the form 

l*)-^(l^> + |B», (1) 

how are we to decide whether this indeed represents a 
macrosopic Schrodinger-cat state? Clearly, two condi- 
tions will need to be fulfilled: 

1. The states \A) and \B) must differ macrosopically 
in some extensive quantity (e.g., spatial separation, 
total mass, magnetic moment, momentum, charge, 
current, etc.), relative to a suitable microsopic ref- 
erence value. 

2. The degree of GHZ-type entanglement [s^l in the 
state l^*), i.e., the number of correlations that 
would need to be measured in order to distinguish 
this state from a mixture, must be sufficiently large. 
With 1^1) and \B) usually representing GHZ-like 
multi-particle states in complex systems such as 
superconducting currents, molecules, and atomic 
gases, this measure can typically be well-estimated 
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by the number of microsopic constituents (elec- 
trons, protons, neutrons) in the system. 

A simihar combination of two measures has been sug- 
gested by Leggett !33,l35 under the labels "extensive dif- 
ference" and "disconnectivity." We shall adopt Leggett's 
former term for the first condition, and use the term "de- 
gree of entanglement" for the second. A both necessary 
and sufhcient condition for a superposition to be con- 
sidered a superposition of macroscopically distinct states 
is then given by the requirement that both the exten- 
sive difference between \A) and \B) and the interparticle 
entanglement in \'^) be large relative to an appropriate 
microsopic unit. 



B. Superconducting quantum interference devices 

Experiments using SQUIDs have not only demon- 
strated that the dynamics of a macrosopic quantity of 
matter (here « 10^ Cooper pairs) can be collectively de- 
termined by a single macrosopic coordinate governed by 
quantum mechanics, but have also achieved the creation 
and indirect observation of quantum superpositions of 
two truly macrosopic states that correspond to currents 
of several ^A running in opposite directions. 



1. SQUID setup and detection of superpositions of 
macroscopically distinct currents 

A SQUID consists of a superconducting loop inter- 
rupted by a Josephson junction and immersed into an ex- 
ternal magnetic field that creates a flux $ext through the 
loop. This allows for a persistent dissipationless current 
( "supercurrent" ) to flow around the loop, in clockwise or 
counterclockwise direction, creating an additional flux. 
Such a current is composed of a very large number of 
Cooper pairs (i.e., Bose-condensed electron pairs) whose 
collective center-of-mass motion can be described by a 
macrosopic wave function around the loop. 

Since the wave function must be continuous around the 
loop, an integer k times its wavelength must equal the 
circumference of the loop. Since the Josephson junction 
induces a discontinuous phase drop Ai/ij, and since the 
total change in phase around the superconducting loop is 
given by 27r<&/<l?0) where $o = h/2e is the flux quantum 
and $ is the total trapped flux through the loop, the 
phase continuity condition implies 



A4)j + 27r$/$o 27rfc, 



(2) 



with k = 1, 2, • • • . This means that the collective quan- 
tum dynamics of the SQUID are determined by the single 
macrosopic variable $. 

The effective SQUID Hamiltonian can be written as 



($ 



$cxt)' 
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— — cos 27r— 
2t: V *o 



, (3) 



where C is the total capacitance (mainly due to the junc- 
tion), L is the (finite) self-inductance of the loop, and Ic 
is the critical current of the junction. This Hamiltonian 
induces dynamics that are analogous to the motion of a 
particle with effective "mass" C moving in <I>-spacc in a 
tilted one-dimensional double-well potential, with the tilt 
determined by 'I'oxt- The role of the canonical variables 
X and P is here played by the total trapped flux <I> and 
the total displacement current P$ = —ihd/d^ (which has 
units of charge; CdPg, /dt is the charge difference across 
the junction). 

A set of eigenstates \k) of the Hamiltonian of Eq. ||2J), 
called "fc-fluxoid states," are localized in one of the wells 
of the potential below the (classically impenetrable) bar- 
rier if the damping induced by the Josephson junction is 
weak. The corresponding wave functions ipk{^) = 
are locally s-harmonic, so their amplitudes are peaked 
around the respective minimum of ?7($) with narrow 
spreads in flux space. Thus these low-lying energy eigen- 
states have a relatively small range of associated flux val- 
ues and can therefore (at least for sufficiently small k) 
also be viewed as "fuzzy" eigenstates of the flux opera- 
tor. By adjusting <I>cxt, the energy levels are shifted, and 
for certain values of ^cxt , two levels in opposite wells can 
be made to align, which allows for resonant quantum tun- 
neling between the wells (i.e., between two fluxoid states) 
^3. Hy| J leading to a macroscopic change in the magnetic 
moment of the system. 

The most important states for our subsequent treat- 
ment are the zero- fluxoid state |0) and the one-fluxoid 
state Since the states |0) and |1) are localized in, 
respectively, the left and right well of the potential, let 
us denote them by \L) and \R) in the following. These 
states correspond (apart from the quantum zero-point en- 
ergy [s^l) to a classical persistent-current state and thus 
to macrosopically distinguishable directions of the super- 
conducting current. Since other states are well-separated 
in energy, the SQUID can thus be effectively modelled 
as a macroscopic quantum-mechanical two-state system 
(i.e., as a macrosopic qubit). 

At bias <I>ext = ^"0/2, the well becomes symmetric and 
the corresponding two fluxoid states \L) and \R) would 
become degenerate (see Fig.^. However, the degeneracy 
is lifted by the formation of symmetric and antisymmet- 
ric superpositions of \L) and \R) that represent the new 
energy ground state. 
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|vI/,) = _(|L) + |i?)) 
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FIG. 1: Effective SQUID potential at bias <I>oxt = $o/2. At 
this point, the double-well potential becomes symmetric. The 
degeneracy between the two fluxoid states \L) and \R) (which 
are localized in the left and right well of the potential and 
correspond to macrosopic currents running in opposite direc- 
tion around the loop) is lifted by the formation of delocalized 
coherent superpositions \^a) — 4- |-R)) (the symmetric 

ground state) and = "^(1^) — \R)) (the antisymmetric 
first excited state). The energy difference A_B between \^ s) 
and \^a) has been experimentally measured which 
confirms the existence of superpositions of the macroscopi- 
cally distinct states \L) and \R). 

with energy and the first excited energy eigenstate 

l*a> = ^(|i>-|i?» (5) 

with energy Thus these eigenstates are delocalized 
across the two wells. The (typically very small) energy 
splitting A_E = Ea — Eg is determined by the WKB ma- 
trix elements for tunneling between the two wells (and 
thus between \L) and \R)), and is only dependent on the 
capacitance C of the junction, scaling as AE cx e~^. 

If the system is now more generally described by an 
arbitrary superposition of I L) and \R), |^(t)) = a{t)\L) + 
P{t)\R), and if we choose the left-localized state \L) as 
the initial state of the SQUID, i.e., |*(i = 0)) = \L), we 
obtain the time evolution 

\^it)) cx \L) cos{AEt/2) + i\R) sin(AM/2). (6) 

Thus the wave function oscillates coherently between the 
two localized current states \L) and \R) in each well (see 
Fig. 121) at a rate determined by AE, since the probability 
to find the wave function localized in, say, the left well is 
oscillatory in time, 

PL{t) = \{L\^S{t))\' = cos^AEt/2). (7) 

This leads to coherent quantum tunneling between the 
two wells and manifests itself in an oscillation of the cur- 
rent in the SQUID between clockwise and counterclock- 
wise directions. This tunneling effect has been directly 
observed in superconducting qubit setups similiar to the 
one described here [H El El El E El El . 




FIG. 2: Time evolution of the Wigner function corresponding 
to a superposition |*(t)) (x \L) cos{AEt/2)+i\R) sin{AEt/2) 
of the two localized opposite-current states \L) and |-R) in 
a SQUID. The state coherently oscillates between the two 
wells, leading to coherent quantum tunneling. This manifests 
itself in a macrosopic current oscillating between clockwise 
and counterclockwise directions. Figure reprinted with per- 
mission from (sgll . Copyright 2004 by the American Physical 
Society. 



The indirect route for detecting the presence of super- 
positions of states corresponding to macrosopic currents 
running in opposite directions relies on a static spec- 
troscopic measurement of the energy difference AE (see 
Fig. Friedman et al. [sll have confirmed the exis- 
tence of such an energy gap (in excellent agreement with 
theoretical predictions) and, therefore, of superpositions 
of macroscopically distinct fluxoid states (see also [sll 
for a similiar experiment and result). In their setup, \L) 
and \R) (which in this experiment corresponded to A: = 4 
and fc = 10, respectively) differed in flux by more than 
$0/4 and in current by 2-3 /lA, corresponding to about 
10^*^/15 in local magnetic moment. Furthermore, the dy- 
namics of the in-unison motion of the approximately 10^ 
Cooper pairs represented by \L) and \R) are given by a 
single unitarily evolving wave function representing the 
collective flux coordinate 



2. Scaling 

A main advantage of SQUIDs over other experiments 
(such as those described in the subsequent sections) 
that probe the limits of quantum mechanics lies in the 
fact that the relevant macrosopic variable, namely, the 
trapped flux through the SQUID ring, can be controlled 
by means of microsopic energy differences in the Joseph- 
son junction |32j . As mentioned before, the tunneling 
matrix element scales as , where C is dominantly 
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determined by the junction rather than by the size of the 
loop. Thus the difficulty of observing superpositions of 
macrosopically distinct states scales essentially indepen- 
dently of the degree of macrosopic distinctness between 
these states (i.e., difference in flux between the opposite 
currents). This is in stark contrast to the matter- wave 
diffraction experiments and Bose-Einstcin condensates 
discussed below. In the first case, the grating spacing 
must decrease as with the number TV of atoms 

in the molecule, in the second case the decoherence rate 
increases as N"^ with the number N of atoms in the con- 
densate. 

This particular property of SQUIDs has allowed for the 
creation of superpositions of states that differ by several 
orders of magnitude more than in other experiments (see 
Sec. Hm below). 



3. The interpretation of superpositions 

It is well known that quantum-mechanical superposi- 
tions must not be interpreted as a simple superposition 
(addition) of probability distributions. Formally, this 
conclusion is of course well-reflected in the fact that, in 
quantum mechanics, we deal with superpositions of prob- 
ability amplitudes rather than of probabilities, leading to 
interference terms in the probability distribution. 

However, this crucial difference between classical and 
quantum-mechanical superpositions is sometimes not suf- 
ficiently clearly brought out when describing particu- 
lar experimental situations. In the case of the stan- 
dard double-slit interference experiment, for example, the 
state of the diffracted particle is described by a coherent 
superposition \^) = (|^i) -I- |i/'2))/-\/2 of the states 
and I ■02) corresponding to passage through slit 1 and 2, 
respectively. This is frequently interpreted as simply rep- 
resenting simultaneous passage of the particle through 
both slits, i.e., presence of the particle in two distinct 
spatial regions at the same time, thereby tacitly neglect- 
ing the interference terms in the probability distribution. 

In the double-slit example, this view will not necessar- 
ily be disproven until the stage of the screen is reached 
at which interference fringes appear. Similiarly, and 
even more drastically, the superpositions of macrosopi- 
cally distinct current states in a SQUID show that the 
simplified view of a classical superposition of probability 
distributions is inadequate. For, if this view were correct, 
the two contributing opposite currents would mutually 
cancel out and thus the net "current" described by this 
superposition would have to be zero, contrary to what 
is observed. Instead, the SQUID opposite-current super- 
position represents a novel individually existing physical 
state that can be described as a coherent "interaction" 
between simultaneously present states representing cur- 
rents of opposite direction. 

The SQUID example also shows that the "splitting" of- 
ten referred to in an Everettian framework (for example, 
in deWitt's popularization of the "many- worlds view" 



[^0,^1) should not be taken too literally. The transi- 
tion, i.e., the "split," from a single "classical" state — i.e., 
classically defined definite structures such as particles 
(defined as having a definite position), currents (defined 
as a flow of charge into a definite direction), etc. — into 
a state describing a superposition of such states occurs 
in a completely unitary and thus reversible manner by 
changing 'I'ext- There is only one single global state vec- 
tor \^{t)) at all times that corresponds to "physical re- 
ality." The decomposition into a superposition of other 
states is a primarily formal procedure useful in reveal- 
ing the physical quantities of our experience contained in 
the arbitrary state vector |4'(i)), since the latter can in 
general not be related to any "classical" physical struc- 
ture that would correspond to directly observed objects 
or properties. In this sense, the "split" is simply a con- 
sequence of trying to trace throughout time a particular 
(usually "classical") state that does not coincide with 
\^{t)). Quantum mechanics shows that this can, in gen- 
eral, only be done in a relative-state sense. 

The decomposition obtains also physical meaning when 
the dynamical evolution of the system described by \^{t)) 
is considered, as the coefficients multiplying the "classi- 
cal" terms in the superposition will in general be time- 
dependent. In the example of the SQUID, the coherent- 
tunneling state does not directly relate to a current in the 
classical sense (i.e., a current of definite direction), but 
it can be decomposed into two such currents of opposite 
direction. The physical relevance of this decomposition 
and the meaning of the superposition then manifests it- 
self as a current that oscillates between clockwise and 
counterclockwise directions. 



4- Decoherence and the preferred basis 

A particularly interesting feature of the macrocurrent 
superpositions in SQUIDs is the fact that the interac- 
tion with the environment leads to a localization in flux 
space, rather than to the much more familiar and com- 
mon localization in position space. In other words, the 
"preferred basis" (Zurek's "pointer states" 0,E3) of the 
SQUID are flux eigenstates. 

This observation is perfectly well accounted for by de- 
coherence theory, which describes the selection of the pre- 
ferred basis by means of the stability criterion, first for- 
mulated by Zurek [3 (see also H Hill El 113 ) . Accord- 
ing to this criterion, the basis used to represent the pos- 
sible states of the system must allow for the formation of 
dynamically stable system-environment correlations. A 
sufficient (albeit not necessary) requirement for this crite- 
rion to be fulfilled is given by the condition that all basis 
projectors P„ = |s„)(s„| of the system must (at least 
approximately) commute with the system-environment 
interaction Hamiltonian i?int: i-e., 

[i?int,P„] = foraUn. (8) 
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That is, the preferred basis of the system is given by a 
set of eigenvectors of i?int- 

In the case of the SQUID experiments at bias <I>oxt — 
$0/2, if the interaction with the environment is very 
weak and thus the dynamics of the SQUID system are 
dominantly governed by the effective SQUID Hamilto- 
nian H, Eq. (jSJ, the preferred states are predicted to 
be eigenstates of this Hamihonian, namely, the dislocal- 
ized coherent superpositions \'^s) — + 1^)) ^^'^ 

I^Pq) = --i=(|_L) — of the localized zero-fluxoid and 

one-fluxoid states \L) and \R). This is in agreement both 
with the observation of coherent quantum tunneling be- 
tween the wells and with the measurement of the energy 
gap AE = Ea — Eg between the states \^s) and \^a)- 

Under realistic circumstances, however, the SQUID is 
coupled to a dissipative environment £ which can quite 
gen erally be modeled as a harmonic heat bath of bosons 
[33, i.e., as a bath of N harmonic oscillators with gener- 
alized coordinates Xa and Pa , natural frequency , mass 
rria, and Hamiltonian 

The reservoir modes Xa couple dynamically to the total 
flux variable $ of the SQUID ring. More precisely, they 
couple to the fluxoid (and essentially opposite-current) 
states \L) and \B) via the interaction Hamiltonian [35l| 




where az — {\L){L\ — |i?)(i?|) is the so-called "pseu- 
dospin" operator (owing its name to the fact that the 
SQUID double-well system can be effectively mapped 
onto a two-state spin system, with \L) and \R) corre- 
sponding to, say, spin "up" and "down," respectively), 
and ±(^0 are the flux values associated with the two lo- 
calized states \L) and \R). 

According to the commutativity criterion, Eq. 0, the 
stable states into which the system decoheres are then 
eigenstates of Cz, i.e., the preferred basis of the system 
is given by the two states \L) and This, of course, 
is in full agreement with observations and explains the 
localization in flux space, i.e., the rapid reduction of the 
superposition into an apparent ensemble of the macro- 
scopically distinguishable current states \L) and \R). 

Fig.|31illustrates this gradual disappearance of interfer- 
ence in the symmetric ground state |5's) = (1-^) + 1^)) 
due to the interaction of the SQUID ring with a dissipa- 
tive thermal bath in the Wigner representation of the 
local density operator of the SQUID 39] (see also 
As predicted by the stability criterion, the robust states 
(i.e., the preferred basis) selected by the environment 
are the macroscopically distinguishable current states \L) 
and \R). The resulting local loss of coherence — that is, 
the distribution of coherence, initially associated with the 




FIG. 3: Decoherence of the symmetric ground state \^s) = 
-^(|L) -I- |_R)) at bias $cxt = 'l>o/2 in the Wigner represen- 
tation. The interaction of the SQUID loop with the envi- 
ronment (here modeled as a monochromatic thermal bath) 
locally destroys the interference between the two "classical" 
flux states \L) and |_R) represented by the localized peaks 
on either side. Figure reprinted with permission from |39||. 
Copyright 2004 by the American Physical Society. 




FIG. 4: Illustration of a C70 molecule. The left image shows 
the "backbone" structure of interlinked carbon atoms. The 
right image displays the carbon atoms as massive spheres. 



SQUID, over the many degrees of freedom of the SQUID- 
environment combination — constitutes the main obstacle 
in the observation of coherent quantum tunneling. 



C. Molecular matter- wave interferometry 

Recent experiments by t he g roup of Zeilinger et al. 
IMI^ElElElllllllilia have pushed the bound- 
ary for the observation of quantum ("wave") behavior 
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FIG. 5: Schematic sketch of a Talbot-Lau interferometer 
used for demonstrating quantum behavior of mesoscopic C70 
molecules. The first grating induces a certain degree of co- 
herence in the incident uncoUimated beam of molecules. The 
second grating then acts as the actual diffraction stage. Due 
to the Talbot-Lau effect, the molecular density pattern at 
the position of the third grating will be an image of the sec- 
ond grating if the molecules possess a quantum-wave nature. 
Scanning this pattern by moving the third grating (which acts 
as a mask) in the i-direction and detecting the transmitted 
and subsequently ionized molecules will then lead to an os- 
cillatory signal that represents the interference effect. Figure 
reprinted with permission from 

Copyright 2002 by the 

American Physical Society. 



towards larger and larger particles. In the experiment 
to be described, mesoscopic Ceo molecules (so-called 
fullerenes) and C70 molecules have been observed to lead 
to an interference pattern following passage through a 
diffraction grating ( "matter- wave interferometry"). The 
carbon atoms in the C70 molecule are arranged in the 
shape of an elongated buckyball with a diameter of about 
1 nm (see Fig. . They are complex and massive enough 
to exhibit properties that position them in the realm of 
classical solid objects rather than that of atoms. For ex- 
ample, they possess a large number of highly excited in- 
ternal rotational and vibrational degrees of freedom that 
allow one to attribute a finite temperature to each indi- 
vidual molecule, and heated C70 molecules are observed 
to emit photons and electrons. The particle aspect seems 
to be overwhelmingly clear, and yet these molecules have 
been shown to exhibit quantum interference effects. 



1. Experimental setup and observation of interference 

The observation of C70 interference patterns and their 
controlled disappareance due to environmental decoher- 
ence induced by various sources has been made possible 
by the so-called Talbot-Lau interferometer [H^ that has 
two main advantages over earlier setups used for molec- 
ular interferometry [ssL l59| . First, the incident beam 
of molecules does not need to be collimated, allowing 
for much higher transmitted intensities. Second, the re- 
quired period of the gratings used to obtain the inter- 



ference pattern scales only with the square root of the 
de Broglie wavelength of the molecules, allowing for the 
probing of the quantum behavior of, say, sixteen times 
larger molecules by using an only four times smaller grat- 
ing spacing. 

The Talbot-Lau effect is based on the fact that the 
transverse part of a plane wave ip{z) = e*'^^ incident on a 
periodic grating located in the xy plane will be identical 
to the grating pattern at integer multiples of the distance 
("Talbot length") 



A 



(11) 



behind the grating. Since this is a pure interference effect, 
the presence of the grating pattern at multiples of the 
Talbot length indicates the wave nature of the incident 
beam. 

The experimental setup that makes use of the Talbot- 
Lau effect is shown schematically in Fig. \S\ The main 
part consists of a set of three gold gratings with a pe- 
riod of about d = 1 fiui. The first grating acts as a 
collimator that induces a sufficient degree of coherence 
in the incident uncoUimated beam of C70 molecules in 
order to approximate the plane-wave assumption made 
above. Each point of the grating can then be viewed 
as representing a narrow source. The velocity of the 
molecules can be selected over a range from about 80 m/s 
to 220 m/s, corresponding to de Broglie wavelengths of 
approximately 2-6 pm. The second grating is the actual 
diffraction clement, assuming the role of the single grat- 
ing in the above plane-wave example. The third grating, 
placed behind the second grating at a distance L equal 
to the Talbot length Lacto = l^ciQ^ where Ac7o is the 
de Broglie wavelength of the molecules, can be moved in 
the a;-direction and serves as a scanning detection mask 
for the molecular density pattern in the transverse plane 
at this location. The molecules that have passed through 
the third grating are ionized by a laser beam and then 
counted by an ion detector. 

If the C70 molecules indeed possess a quantum- wave 
nature, the Talbot-Lau effect implies that the molecu- 
lar density pattern at the position of the third grating 
should consist of interference fringes with a period equal 
to the spacing d of the grating pattern. Thus, when the 
third grating is scanned in the a;-direction, we expect an 
oscillation in the number of transmitted molecules with 
period d. This is indeed what has been observed experi- 
mentally jH US HI HI H (Fig. El) . The possibility that 
these fringes could result from a classical blocking of rays 
by the gratings (Moire fringes) can be excluded, because 
such patterns would be independent of the de Broglie 
wavel eng th, in contrast to what is observed experimen- 
tally pOl l55| . This confirms the quantum origin of the 
measured fringes and thus the wave nature of the C70 
molecules. 

It should be emphasized that the fringes represent 
single-particle interference effects, rather than being due 
to interference between different molecules 53]. The lat- 
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FIG. 6: Interference fringes for C70 molecules measured at the 
position of the third grating in a Talbot^Lau interferometer. 
Figure reprinted with permission from Copyright 2002 

by the American Physical Society. 

ter case would require the interfering molecules to be in 
the same state, which is practically never the case due 
to the large number of different excited internal states. 
Furthermore, the density in the molecular beam is rela- 
tively low, such that the average distance between two 
molecules is much greater than the range of any inter- 
molecular force. Thus, even if the molecules passed at 
such a slow rate through the apparatus that only a sin- 
gle molecule was present at any time, an interference 
pattern would emerge. The interference effect is en- 
tirely due to the splitting and overlapping of the wave 
fronts associated with each individual C70 molecule. This 
demonstrates clearly that quantum-mechanical superpo- 
sitions in configuration space describe individual states 
that can exhibit interference effects (i.e., phase depen- 
dencies) without any statistical aspect. 



2. Disappearance of interference due to controlled 
decoherence 

General numerical estimates for decoherence rates de- 
rived from theoretical expressions [b^, 0, Ell have 
clearly demonstrated the extreme efficiency of decoher- 
ence on mesoscopic and macrosopic scales. It is therefore 
usually practically impossible to control the environment 
in such a way as to explicitely resolve and observe the 
gradual action of decoherence on larger objects. 

The Talbot-Lau interferometer, however, has made 
such observations possible and has also led to direct 
confirmations of the predictions of decoherence theory 
for mesoscopic objects J34, _5^, _56j .57^ 64J. The main 
sources of decoherence that have been experimentally in- 
vestigated are collisions with gas molecules present in the 
interferometer [54 . Issl l6^ , and thermal emission of radi- 
ation when the Cvn molecules are heated to temperatures 
beyond 1,000 K |5a,|53|- Here, we shall focus on the first 
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FIG. 7: Diminished interference effect in Cro-molecule in- 
terferometry due to decoherence induced by collisions with 
gas molecules. Above: Decreased visibility of the interference 
fringes when the pressure of the gas is increased from the left 
to the right panel. Below: Dependence of the visibility on 
the gas pressure. The measured values (circles) are seen to 
agree well with predictions obtained from decoherence theory 
(solid line), see Eqs. II18II and (1191 . Figures reprinted, with 
kind permission of Springer Science and Business Media, from 




case of decoherence, as collisions with environmental par- 
ticles represent the most natural and ubiquituous source 
of decoherence in nature. 

In the experiments, the vacuum chamber containing 
the interferometer is filled with gases at different pres- 
sures. Each collision between a gas particle and a C70 
molecule entangles their motional states. Since the C70 
molecules are much more massive than the gas molecules, 
the motional state of the gas molecule is distinguishably 
changed in the collision, while the motion of the C70 
molecule remains essentially unaffected and can there- 
fore still be detected at the third grating. Thus, each 
collision encodes which-path information about the tra- 
jectory of the C70 molecule in the environment (i.e., in the 
colliding gas particle). This leads to decoherence in the 
spatial wave function of the C70 molecules, since the post- 



9 



collision environmental states are approximately orthog- 
onal in the position basis due to the significant change of 
the motional state of the gas molecules in the collisions. 

To see this more explicitely, let us denote the state of 
the C70 molecule before and after the scattering by 



'C70 



= / dx{{x\iP)) \x) 



and 



C70 



dx((x|V^')) 



C70l 



'C70 



/C70' 



respectively, where 



C70 



(12) 



(13) 



(14) 



for all X. A collision at X changes the state of the col- 
liding gas molecule from |<^)gas to \(f',X.)^^^, which en- 
codes which-path information about the C70 molecule. 
Since the |(/3',X)g^g represent distinguishable motional 
states, the environmental states corresponding to scat- 
tering events at different locations become approximately 
orthogonal, 



(((^',X|^',Y))^ 



<5(X- Y). 



(15) 



The collision leads to an entangled state for the combined 
gas-Cyo system. 



1*0) = I^)c70® 1^) 



/gas 



gas 



(16) 



The reduced density matrix for the C70 molecule ex- 
pressed in the position basis is then obtained by averaging 
over all possible states \(p' 



, X)g^g of the gas molecule. 



PC70 



'C70 



dX J dX! j dX"((X|^))^^„((X'|^)); 

x((^',X'V',X))^^^ 
x((^',XV',X"))^^^(|X)(X'|)^,„ 

j dX|((X|^))^,j'(|X>(X|)c,„, (17) 



where the vanishing of interference terms 

((X|V'))c7o((X'|V'))c7o' X ^ X', in the last step 
follows from the approximate orthogonality of the 
|(/3',X)g^g. Thus, the gas molecules carry away which- 
path information, leading to a diffusion of coherence 
into the environment. Incidentally, in this sense, Bohr's 
complementarity principle can be understood as a 
consequence of entanglement: The observability of an 
interference pattern, and thus the degree of the "wave 
aspect" of the C70 molecules, is directly related to the 
amount of information, encoded through entanglement 
with the state of the gas particles, about the path (the 
"particle aspect") of the molecules. 



We expect the visibility Vx of the interference fringes 
(defined as (c^ax - Cnim)/(cmax + Cmin), whcrc Cmax and 
Cmin are the maximum and minimum amplitudes of the 
interference pattern) to decrease as the pressure of the 
environmental gas is increased. A theoretical analysis 
[EE EE 1^ predicts that V\ will decrease exponentially 
with the pressure p = nksT of the colliding gas. 



Here, 



2LaeS 



(18) 



(19) 



is the characteristic decoherence constant ( "decoherence 
pressure"), where L denotes the distance between the 
gratings and (Teff corresponds to the effective cross section 
|55| . This pressure-dependent decay of the visibility has 
indeed been confirmed experimentally for C70 molecules 
54, 55], in excellent agreement with the theoretical pre- 
dictions (Fig.[7J|. 

Studies of collision-induced decoherence in a Talbot- 
Lau interferometer not only represent an outstand- 
ing method to observe the gradual disappearance of 
quantum-interference effects while having full control 
over both the source and the strength of decoherence, 
but also allow one to predict the environmental condi- 
tions (in this case, the maximum pressure of the sur- 
rounding gas) required to observe quantum effects for 
even more complex and massive objects than tested thus 
far. Such experiments are limited by two main factors 
0liE|- First, the velocity of the objects must be quite 
slow during the passage through the interferometer, in 
order to keep the de Broglie wavelengths long enough to 
allow for a sufficient degree of diffraction by practically 
realizable gratings. Second, the pressure p of the residual 
gas in the interferometer must be low enough to main- 
tain sufficient visibility of the interference pattern, i.e., 
we must have 0{p) = po, see Eq. (fT^ . Since both hmits 
are purely technical and can be precisely quantified, there 
is no indication for any fixed quantum-classical boundary 
in this case other than the observational limit determined 
by environmental decoherence, for which rigorous theo- 
retical estimates can be given. Decoherence allows for 
an exact specification of where the quantum-to-classical 
transition occurs and what needs to be done to move the 
boundary. 

In fact, the envelope for the observation of the 
wave nature of mesoscopic molecules has recently 
been pushed even further in experiments demonstrat- 
ing quantum interference fringes for the important 
biomolecule tetraphenylporphyrin C44H30N4 (with mass 
m = 614 amu and a width over 2 nm) and for the 
fiuorinated fuUerene C60F48 (mass m — 1632 amu, 
108 atoms) While tetraphenylporphyrin is the first- 
ever biomolecule whose wave nature has been demon- 
strated experimentally, fluorofuUerenes are the most mas- 
sive and complex molecules to exhibit quantum behavior 
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FIG. 8: Structure of the biomolecule tetraphenylporphyrin 
C44H30N4 (left) and of the fluorofuUerene C60F48 (right). The 
wave nature of both molecules has been observed in experi- 
ments. Figures reprinted with permission from [5lJ|. Copy- 
right 2003 by the American Physical Society. 
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FIG. 9: Extrapolated maximum residual air pressures po, rel- 
ative to the value of po for C70 molecules, versus molecular 
weight m (in amu), that would allow for an observation of in- 
terference fringes for various biological structures in an elon- 
gated (L = 1 m) Talbot-Lau interferometer. Data from IHsll . 



thus far. Theoretical estimates for the maximum resid- 
ual gas pressure that would still allow for the observation 
of interference fringes for even larger biological objects, 
up to the size of a rhinovirus, have been given by Hack- 
ermiiller et al. [H^, 113 (see Fig. I^J and appear to be 
realizable even with the current ly a vailable technology in 
Talbot-Lau interferometry [s^ . Issj l . One might extrap- 
olate even further and speculate about the feasibility of 
interference experiments involving human cells, with an 
average weight and size on the order of 10^^ amu and 
10"* nm, respectively. While this is certainly beyond the 
existing technology, there is no reason to assume that 
such experiments should be impossible. 



3. Implications of the C70 interference experiments 

The described matter-wave interferometry experi- 
ments have led to three crucial results: 

1. Interference patterns are observed for particles that 
clearly reside in the "lump of matter" category. 

2. These patterns are due to single-particle (rather 
than interparticle) interference effects. 

3. Any observed disappearance (or absence) of inter- 
ference patterns can be well understood as resulting 
from decoherence and can be explicitly controlled 
and quantified. 

Thus there is no theoretical or experimental indication 
for any fundamental limit on the ability of objects to 
exhibit quantum behavior (i.e., a wave nature) if these 
objects are sufhciently shielded from the decohering in- 
fluence of their environment. Result (2) shows that the 
initial wave function describing the individual molecule 
evolves into a spatially extended wave function after pas- 
sage through the diffraction grating, namely, into a super- 
position of "classical" localized position states that each 
correspond to the molecule being in a specific region of 
space. The gradual disappearance of interference due to 
controlled interaction with the environment can be un- 
derstood as entanglement between the different relative 
states of the environment and the individual components 
|x)(-,7g in the superposition. It is important to note that 
all components \x)q-jq are still present regardless of the 
environmental interaction — decoherence is in principle 
fully reversible, as experiments on coherent state-vector 
revival have shown (see, e.g., plj). 

D. Bose-Einstein condensation 

As a third example, we shall discuss Bose-Einstein con- 
densation (BEG). While this effect had been predicted 
theoretically already in the 1920s by Einstein ^67. .6S. .6^ 
based on ideas by Bose explicit ex peri mental veri- 
fication succeeded only in 1995 [ll El Izl III- When 
an atomic bosonic gas confined by a magnetic trap is 
cooled down to very low temperatures, the de Broglie 
wavelength AdB = (27rfi,^/mfcBT)^/^ associated with each 
atom becomes long in comparison with the interparticle 
separation. At a precise temperature in the « 100 nK 
range, the collection of atoms can undergo a quantum- 
mechanical phase transition to a condensate in which the 
atoms lose their individuality and all occupy the same 
quantum state. Then a macrosopic number of atoms — 
large condensates can contain of the order of 10^ atoms — 
is described by a single A'^-particle wave function with a 
phase, 

N 

M'jv(ri,ri,... ,rjv)=e'*ni'/'(rOI, (20) 
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FIG. 10: Matter-wave interference pattern for the atomic gas 
density in Bose-Einstein condensates. Left: Pattern obtained 
by letting two independent condensates overlap, demonstrat- 
ing that the condensate is indeed described by a single wave 
function with a phase. The fringe period was measured to be 
20 fim. Figure reprinted with permission |65ll . Copyright 1997 
by A A AS. Right: Fringes due to interference of a single co- 
herently split condensate. This experiment corresponds to a 
BEC "double-slit" interferometer. Figure reprinted with per- 
mission from |6^. Copyright 2004 by the American Physical 
Society. 

i.e., as a product of iV identical single-particle wave func- 
tions ?A(r). As a consequence, BECs can directly exhibit 
quantum behavior. For instance, two condensates re- 
leased from adjacent traps can overlap and form a gas- 
density interference pattern due to the phase difference 
between the two wave functions (Fig. UHI) H IH III 
FtI llil- Recently, Bose-Einstein "double-slit" interfer- 
ometers have been experimentally realized |66l | and the- 
oretically analyzed [73 ■ Here, a single condensate is 
coherently split (corresponding to the diffraction stage 
in the double-slit experiment) and then allowed to re- 
combine, which leads to the observation of interference 
fringes (Fig. 

1. Macrosopic number- difference superpositions using 
Bose-Einstein condensates 

Various methods have been proposed for the creation 
of BEC-based Schrodinger cat states in form of a super- 
position of states with macroscopically distinguishable 
numbers of particles 01 El HI El El 0, Q . BECs 
are particularly suitable for the generation and the study 
of Schrodinger cat states, for several reasons. First, as 
BECs involve up to 10^ atoms, such superpositions would 
be the most macrosopic ones ever observed. Second, the 
condensate is described by a single coherent wave func- 
tion that pertains to a controllable number of atoms and 
possesses an extremely long coherence time (up to 10- 
20 s). Third, the sources of decoherence (mostly loss of 
particles from the condensate) are fairly well-understood 
and potentially sufficiently controllable through suitable 
environmental engineering and trap design 0[ 0, E3 ■ 

The typically suggested scheme to create superposi- 
tions of macrosopically distinguishable states using BECs 
involves the creation and manipulation of interacting 
two-species condensates, i.e., BECs in which the atoms 



possess two different internal states \A) and \B). Ex- 
perimental realizations of two-species BECs often em- 
ploy the two hyperfine sublevels \F,mp) — |2, 1) and 
|1, -1) of ^^Rb. The early proposal by Cirac et al. 
(similiar models have been suggested, for example, in 
j^ESESEEES) is based on a Josephson-hke coupling 
between the two species that leads to a number-difference 
superposition of the form 

l^-) = l^(^\nA,N - ua) + e'^\N - ua^ua)), (21) 

where \nA, ns) is the occupation- number state represent- 
ing TLA atoms of type A and ns atoms of type B, and 
N = nA + is the total number of atoms. This rep- 
resents a superposition of two states which differ by a 
macrosopic number |7V — 2nA\ of atoms of a certain type 
(A or B). Then ua — Q ot: ua — N would correspond to a 
maximally entangled iV-particle GHZ-type state [s^ and 
thus the most "cat-like" state 

|vI/) = -L(|7V,o>+e''^|0,7V)). (22) 

Another scheme for the creation of macrosopic BEC su- 
perpositions that uses a single-component BEC in a dou- 
ble well (with possible generalizations to M wells) has 
been described in |93| (see also [ol, Here, a 

laser-induced phase shift is imprinted on the condensate 
in one of the wells, followed by a change of barrier height. 
This is predicted to lead to a superposition of the form 

I*) = -L(|ni,7V_„^)+e''^|iV-ni,ni)), (23) 

where |nL,nfl) is the number state corresponding to 
{npi) atoms in the left (right) well. Again, tll determines 
the degree of entanglement, with — Q ov — N cor- 
responding to maximal "catness." Even the possibility of 
creating a coherent superposition of a macroscopic num- 
ber of atoms with a macroscopic number of molecules 
using photoassociation in BECs (i.e., the absorption of 
a photon by two atoms, leading to the formation of a 
two-atomic bound molecule) has been indicated [83 |. 

To detect a BEC cat state, one might in principle en- 
vision experiments similiar to those measuring GHZ spin 
states E^, EE EEl 1 although this would be very difficult 
to carry out in practice for the larger values of N rele- 
vant to BEC superpositions. Instead, as pointed out in 
|89j| . one could first confirm that measurement statistics 
indeed give equal likelihoods for the two cat-state terms 
|iV, 0) or |0,iV). If the system can also be observed to 
(approximately) return to its initial state after unitary 
evolution over a period that is an integer multiple of the 
time needed for the generation of the cat state, this would 
provide strong indications for the presence of a cat state. 

2. Decoherence of BEC superpositions 

To date, Schrodinger-cat states using BECs have not 
been realized experimentally, although much progress has 
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been made (see, for example, ^^). Dissipation and de- 
coherence effects are still too strong to allow for a direct 
observation of superpositions and will continue to consti- 
tute the dominant limit on the size of number-difference 
Schrodinger cats. Those environmental effects are mainly 
due to elastic and inelastic scattering between condensate 
and noncondensate atoms. 

Elastic collisions with noncondensate atoms under con- 
servation of the number of condensate atoms lead to 
phase damping and thus to the destruction of the co- 
herent superposition. The reduced density matrix in the 
number basis then decoheres according to [ssj ] 

{m\p{t)\n) = e-("^")'''*(TO|p(0)|n)e-''^("-")*, (24) 

i.e., the off-diagonal elements m ^ n decay with a deco- 
herence rate that scales with the square of the number 
difference, (m — n)^. 

Furthermore, inelastic collisions with noncondensate 
atoms lead to a loss of atoms from the condensate, which 
diminishes coherence. Again, the larger the number dif- 
ference in the superposition (|n, N — n) + \N — n, n)) /^/2 
is (i.e., the closer n is to or N), the more sensitive the 
state is to atom loss (see, for example, the detailed analy- 
sis in 83j). In the limit of the maximally entangled state 
(|7V, 0) + |0, N)) /V2, aheady the loss of a single atom of, 
say, type 1 completely destroys the coherent superposi- 
tion, since 

ai{\N,0)+e'^\0,N))/V2^ ^N/2\N-1,0), (25) 

where ai is the destruction operator for particles of 
type 1. 

Thus both decoherence effects will usually limit the 
size N (i.e., the number difference) of superpositions 
of the form (|A^,0) + \0,N))/V2. In a detailed anal- 
ysis that combines the two forms of scattering pro- 
cesses, Dalvit et al. 's^ have estimated the decoherence 
rate for an optimal number-difference superposition 
(|iV, 0) -f |0, A^))/ V2 in a standard harmonic trap due to 
a "thermal cloud" of iVnc noncondensate atoms as 

cx a'N^.N^, (26) 

where a is the scattering length. This leads to very short 
decoherence times even for moderate environment and 
condensate sizes [s^ls^. For example, for iVnc — 10 and 
N — 10"^, Td is of the order of milliseconds. For larger 
Schrodinger cats with N = 10^ and a thermal cloud con- 
taining N = 10** noncondensed atoms, ^ 10~^^ s. 

However, several schemes exist to significantly re- 
duce the decoherence rate and to thus render it quite 
likely that BEC-based number-difference Schrodinger cat 
states could indeed be observed in future experiments; for 
example: 

1. The construction of modified traps that allow for a 
faster evaporation of the thermal cloud |8^] . 



Experiment 5cxt »Scnt «Scxt x Scut 
SQUID 10^° 10^ 10^'' 

Cto 10'' 10^ 10^ 

Bose-Einstein* 10^ lO'^ lO^'^ 
*not yet experimentally achieved 

TABLE I: Estimates for the degree of macrosopic distinctness 
of the states in superpositions relevant to the three experi- 
ments discussed in this paper. iSext is a measure for the max- 
imum difference in a suitably chosen extensive variable that 
distinguishes the states in the superposition (here: the total 
magnetic moment in SQUID experiments; the average sepa- 
ration between two paths in the interferometer in C70 molec- 
ular diffraction; the difference in angular momentum in two- 
species Bose-Einstein condensates). 5ent measures the degree 
of entanglement in multi-particle states and is well-estimated 
by the number of microsopic constituents involved in the su- 
perposition (i.e., the number of Cooper pairs in SQUID, and 
the number of nucleons and electrons in the C70 molecule 
and the Bose-Einstein condensate). The third column shows 
the product 5cxt x <Sont of the two measures, thus represent- 
ing the overall degree of macroscopicity of the superpositions. 
See also Sec. Ill Al 

2. Generation of number-difference cat states via the 
creation of macrosopic superpositions of relative- 
phase states that are not only much less sensitive 
to atom loss, but might even require such loss 83J. 

3. A "symmetrization" of the environment to reduce 
the effective size of the thermal cloud 89] . 

4. SufRciently fast generation of the cat state [s^ . 

The key lesson to be learned from the example of BEC- 
based Schrodingcr-cat states is that, nonwithstanding the 
fact that such superpositions have not (yet) been ex- 
plicitly documented in experiments, the physics of these 
states and the required conditions to create them is very 
well understood. The failure to experimentally gener- 
ate these states with currently available setups is well- 
explained by decoherence models that provide precise nu- 
merical estimates for the type of experimental arrange- 
ments and parameter ranges that would be required to 
observe Schrodinger-cat states using BECs. Similiar to 
the case of studying the feasibility of matter-wave in- 
terferometry with larger molecules than those investi- 
gated thus far (see Sec. Ill C|l . decoherence is the key 
tool for a precise prediction of the physical conditions 
required for the experimental observation of superposi- 
tions of macrosopically distinct states. 

E. Analysis of the degree of macroscopicity of the 
experimentally achieved superpositions 

In the following, let us compare the degree of 
macrosopic distinctness of the states in the superpo- 
sitions encountered in the experiments with SQUIDs, 
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diffracted molecules, and BECs. We will use the com- 
bination of the two measures introduced in Sec. Ill Al 
namely, the difference 5cxt in a relevant extensive quan- 
tity between the states in the superposition relative to 
an appropriate microsopic reference value, and the de- 
gree of entanglement iSont present in the multi-particle 
superposition. 

For the SQUID experiments (Sec. I11B|| . choosing the 
total magnetic moment to be the relevant extensive vari- 
able, the two states \L) and \B) differ by about IQ^^hb 
in the experiment by Friedman et al. |38|. Taking the 
Bohr magneton /i^ as the reference unit, the extensive 
difference 5ext between the two states is thus of the order 
of 10^°. The degree of entanglement 5ent in the multi- 
Cooper-pair state can be estimated to be of the order of 
the number of Cooper pairs, i.e., ^ 10^. 

In the case of diffraction of C70 molecules fSec. lllC|l . a 
suitable extensive quantity would be the center-of-mass 
displacement between the two paths through the inter- 
ferometer, which we can estimate to be on the order of 
1 mm (corresponding to the lateral width of the molecu- 
lar beam 55] ) relative to the size of the molecule of about 
1 nm, which yields a value for 5cxt on the order of 10^. 
The degree of entanglement 5cnt is essentially given by 
the number of microsopic constituents in the molecule, 
3 X 6 X 70 - 10^. 

For BEC two-species superpositions that use the two 
hyperfine sublevels \F,mp) = |2, 1) and |1,— 1) of ®^Rb 
atoms fSec. Ill D|) . a suitable extensive variable would be 
the total difference in angular momentum due to the hy- 
perfine splitting, in units of /i, which is on the order of 
the number N of atoms in the condensate, which can 
be as large as 10''. Thus the maximum iSext is on the 
order of 10^. The degree of entanglement iSent is again 
suitably measured by the number of nucleons and elec- 
trons in the condensate, which is of the order of 1007V 
for ^^Rb. Note, however, that such superpositions have 
not yet been experimentally achieved. 

All values are summarized in Table We see that 
the SQUID experiments allow for superpositions that are 
about ten orders of magnitude "more macrosopic" (in 
the sense defined above) than those achieved by molec- 
ular interferometry. On the other hand, the latter ex- 
periments lead to a direct realization of spatial super- 
positions, which are often considered to be more "coun- 
terintuitive" than the superposition of superconducting 
currents, since position appears to be the dominant defi- 
nite quantity in our observation of the macroworld. The 
ubiquitous perception of definiteness in position space 
has even led some to postulate a fundamentally preferred 
role to position. For example. Bell [§3 stated that "in 
physics the only observations we must consider are po- 
sition observations, if only the positions of instrument 
pointers." A similiar idea underlies the spatial localiza- 
tion mechanism in the GRW theory and is refiected in 
the concept of definite particle trajectories in Bohmian 
mechanics. 

Superpositions involving two-species BECs, if exper- 



imentally realized, would come close to the degree of 
macroscopicity achieved in SQUIDs. This result can be 
understood by noting the striking analogies between the 
two experiments. In both cases, the multi-particle sys- 
tem (the superconducting material in SQUIDs, or the 
atomic gas in BECs) is cooled down to extremely low 
temperatures near absolute zero. The two macrosopically 
distinguishable states (currents of opposite direction in 
SQUIDs, or different atom species in BECs) are coupled 
by a classically impenetrable barrier of the Josephson- 
junction type. In both experiments, this essentially leads 
to Schrodinger-cat states of the form 

|vI/) = i=(|Ar,o)-|-e''^|0,7V)), (27) 

where the number state |iV, 0) denotes TV particles 
(Cooper pairs in SQUIDs, or atoms in BECs) being in 
the first macroscopically distinguishable state (represent- 
ing a clockwise current in the SQUID, or the hyperfine 
sublevel |F, to_f) = |2,1) in BECs), and no particles be- 
ing in the second state (corresponding to a counterclock- 
wise current in the SQUID, or the hyperfine sublevel 
|F,mF) = |1,-1) in BECs). 



III. THE STATUS OF PHYSICAL COLLAPSE 
MODELS 

All existing interpretations of quantum mechanics can 
be viewed as either adding formal rules^ or physical el- 
ements (as in collapse models) to the axioms of mini- 
mal quantum theory stated in the Introduction. With 
respect to the "formal" category, if the minimal theory 
can be shown to be sufficient to explain and predict all 
our observations, there is clearly no empirical reason for 
introducing purely formal additives. While a similiar ar- 
gument can be made regarding the "physical" category, 
collapse theories might lead to observable deviations from 
Schrodinger dynamics and could thus be experimentally 
tested. In both cases, of course, there may be conceptual 
reasons that motivate the added elements, for example a 
desire to resolve a felt "weirdness" in the existing quan- 
tum theory. While we respect this motivation, we hope 
to show that in fact the minimal theory is sufficient to re- 
solve the problems without requiring any such additions. 

The increasing size of physical systems for which in- 
terference effects have been observed imposes bounds 
on the parameters used in collapse models. However, 
the current experiments demonstrating mesoscopic and 



As, for example, done in the Copenhagen interpretation (that 
formally postulates a collapse, but regards it merely as an 
"increase of information," rather than as a physical process, 
since it interprets the wave function as representing a probabil- 
ity amplitude), Bohmian mechanics, modal interpretations, and 
consistent- histories interpretations. 
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macrosopic interference are still quite far away from dis- 
proving the existing collapse theories. For example, even 
the C70 diffraction experiments described in Sec. Hll still 
fall short of ruling ou t con tinuous spontaneous localiza- 
tion models ,99, lOOl Il0l| (which lead to the strongest 
deviations from Schrodinger dynamics among all physi - 
cal collapse theories) by eleven orders of magnitude |102| . 
A recently proposed mirror-superposition experiment by 
Marshall et al. |l03j that might lead to a superposition 
involving of the order of 10^'' atoms still fails to rule out 
continuous spontane ous lo calization models by about six 
orders of magnitude |l04j . The superpositions observed 
in coherent quantum tunneling in SQUIDs also appear 
to be compatible with dynamical reduction models, since 
the spatial localization mechanism would only result in a 
small reduction of the supercurrent below the detectable 
level due to a breaking-up of Cooper pairs, but not in 
an approximate reduction onto one of the current states 
t,05, 106, 107]. However, given the rapid development of 
experiments that propose to demonstrate quantum su- 
perpositions on increasingly large scales, it appears to be 
only a matter of time to probe the range relevant to a 
test of physical reduction models. 

It is important to note that no deviations from linear 
Schrodinger dynamics have ever been observed that could 
not also be explained (at least in principle) as apparent 
deviations due to decoherence. In fact, it would be very 
difficult to distinguish collapse effects from decoherence, 
since the large number of atoms required for the collapse 
mechani sm to be effective also leads to strong decoher- 
ence [63.ll07lfl08| . It would therefore be necessary to iso- 
late the system of interest extremely extremely well from 
its environment, such that decoherence effects can be ne- 
glected with respect to the environment-independent lo- 
calization mechanism. Even in this case it might be dif- 
ficult to exclude the infiuence of decoherence due to, for 
example, thermal emission of radiation, as demonstrated 
in the case of fuUerene and C70 interferometry (56l i57j . 

This leaves physical collapse theories, at least so far, 
in the speculative realm, with the adde d difficulty of ob- 
taining relativistic generalizations |l07j . Certainly, such 
collapse mechanisms might be discovered in the future. 
However, in the absence of positive experimental evi- 
dence for such effects, and given the viable option of 
constructing a quantum theory consistent with all ob- 
servations from the minimal formalism alone (a strategy 
advocated in this paper), the need for a postulated col- 
lapse effect, with free parameters tuned such as to avoid 
inconsistencies with the observation (or nonobservation) 
of superpositions, appears rather doubtful. 



IV. EMERGENCE OF PROBABILITIES IN A 
RELATIVE-STATE FRAMEWORK 

The question of the origin and meaning of probabilities 
in a relative state-type interpretation that is based solely 
on a deterministically evolving global quantum state, and 



the problem of how to consistently derive Born's rule in 
such a framework, has been the subject of much discus- 
sion and criticism aimed at this type of interpretation 
(see, e.g., 1^). Several decoherence- unrelated proposals 
have been put forward in the past to elucidate the mean- 
ing of probabilities and to arrive at the Born rule in an ex- 
plicit or implicit relative-state context (see, for instance, 
EEilOQ, 110, 111, 112J). However, it is highly contro- 
versial whether these approaches ar e su c cessf ul and rep- 
resent a noncircular derivation 0, Ill3l Ill4| . A deriva- 
tion that is only based on the non-probabilistic axioms 
of quantum mechanics and on elements of c lassi cal deci- 
sion theory has been pres ente d by Deutsch |ll2i | . It was 
critized by Barnum et al . IllSl. bu t was subsequently de- 
fended by other authors |ll6l[ll7| a nd em bedded into an 
operational framework by Saunders |ll8j| . It is fair to say 
that no decisive conclusion appears to have been reached 
as to the success of these derivations. 

Initially, decoherence was thought to provide a natu- 
ral account of the probability concept in a relative-state 
framework, by relating the diagonal elements of the de- 
cohered reduced density matrix to a collection of possi- 
ble "events" that can be reidentified over time, and by 
interpreting the corresponding coefficients as relative fre- 
quencies of branches, thus leading to an interpretat ion o f 
quantum probabilities as empirical frequencies |l4. ^3 " 
However, as it has been pointed out before [sl. I113 |. 
this argument cannot yield a noncircular derivation of the 
Born rule, since the formalism (in particular, the trace 
operation) and interpretation of reduced density matrices 
presume this rule. 

The solution to the problem of understanding the 
meaning of probabilities and of deriving Born's rule in 
a relative-state framework must therefore be sought on 
a much more fundamental level of quantum mechanics. 
Since this framework presumes nothing besides the uni- 
tarily evolving state vector itself, the solution should 
preferably be derived solely from properties of this quan- 
tum state. However, while we would like to assign proba- 
bilities to "outcomes of measurements" on a local system 
(i.e., probabilities for the system to be found in a certain 
state), the global quantum state usually contains a high 
degree of environmental entanglement, i.e., there exists 
no state vector that could be assigned to the local sys- 
tem alone. Still, we obviously talk regularly of the "state 
of the system," and we must therefore distinguish this 
notion of state from the quantum state vector itself. Fol- 
lowing the relative-state viewpoint, the local "events" of 
the system (or its possible "states of the system") are 
then typically identified with the relative-state compo- 
nents of the global state vector in the Hilbcrt subspace 
corresponding to the system. 

The recent enormous advances in the field of quan- 
tum information theory, especially in the understanding 
of the properties and implications of quantum entangle- 
ment, have shed some light on how one might proceed. 
Quantum information theory has established the notion 
that quantum theory can be viewed as a description of 
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what, and how much, "information" Nature is wiUing to 
prohferate. For example, a pecuhar feature of quantum 
mechanics is that complete knowledge of the global pure 
bipartite quantum state j^") = + |a2)|/?2)) /v^ 

itself does not appear to contain information about the 
"absolute" state of one of the subsystems. This hints 
at ways how a concept of "ignorance," and therefore of 
probability, may emerge directly from the quantum fea- 
ture of entanglement without any classical counterpart. 

This idea has rece ntly been developed in a series of pa- 
pers by Zurek [5l lT5llT20lll2ll |. leading to a proposal for a 
derivatio n of B orn's rule. As pointed out by the present 
author [^ Il22j| and made more explicit in the most recent 
of Zurek's articles on this topic [13 , the derivation is still 
based on certain assumptions that are not contained in 
the basic measurement-free relative-state framework of 
quantum mechanics. One might argue how strong these 
assumptions are. Zurek himself, for example, considers 
some of them to be "facts" and regards others as "natu- 
ral" and "modest" i ^ somewhat more critical position 
with respect to some of t he assumptions ha s been as - 
sumed by the present jl22j and other authors |l23l Il24j . 
Granted these assumptions, however, we consider Zurek's 
proposal a very promising approach towards a deeper un- 
derstanding of the origin of quantum probabilities, and 
we shall therefore outline the basic ideas and assumptions 
in the following (a more detailed description a nd d iscus- 
sion of the approach can be found in |5L[7l [l5lll22| V 

Zurek's derivation is based on a particular symme- 
try property (referred to as "environment-assisted envari- 
ance," or "envariance" for short) of composite quantum 
states, which is used to infer complete ignorance about 
the state of the subsystem. The derivation relies on a 
study of the properties of a composite entangled state 
and therefore intrinsically requires the decomposition of 
the Hilbert space into subsystems and the usual tensor- 
product structure. The core result to be established is 
the following. Given a bipartite product Hilbert space 
Hg^ (g) Hg^ and a completely known composite pure state 
in the diagonal Schmidt decomposition 

1*) = (e"^M«i>il/3i)2+e"^1«2)il/?2)2)/V2, (28) 

where the \ai)-^ and |/3i)2 are orthonormal basis vectors 
that span the Hilbert spaces Hs^ and TJ^^ , the probabili- 
ties of obtaining either one of the relative states \ai)^ and 
\a2)i (identified with the "eve nts" of interest to whic h 
probabilities are to be assigned |l2lL p. 12]; see also |l22l |') 
are equal. Given this result, generalizations to higher- 
dimensional Hilbert spaces and to the case of unequal 
absolute values of the Schmidt coefhcients in Eg. H28|l 
can be achieved in a rather straightforward way [l5| . 

This result is established in two key steps. First, a few 
simple assumptions (Zurek's "facts" J^) are introduced 
that connect the global quantum state IvP), Eq. to 
the "state of the system" Si . This is necessary because, 
as mentioned above, the global quantum state is all that 
the pure state-vector formalism of quantum mechanics 
provides for the description of a bipartite system contain- 



ing entanglement. The following assumptions are made 
about the "state of the system" Si. First, this state 
is completely determined by the global quantum state, 
Eq. (|28|l : second, it specifies all measurable properties of 
Si , including probabilities of outcomes of measurements 
on Si] and third, unitary tr ansf ormations can change it 
only if they act on Si (see |l22j for a discussion of this 
last assumption). 

Granted these three assumptions, one can show that 
measurable properties of Si can depend neither 

1. on the phases (pi in Eq. (|28|l . such that we can as- 
sume the simplified form 

l*> = (l«l>ll/?l>2 + l«2)il/32)2)/V2 (29) 

for our purpose of discussing probabilities associ- 
ated with Si; 

2. nor on whether \ai)^ is paired with {^1)2 or 1/32)2; 
i.e., the unitary transformation acting on iSi that 
changes the quantum state vector 

\^)^{\ai),\(3i)2 + \a2),m2)/V2 (30) 

into 

l*'> = (l«2)il/3l)2 + K)il/52)2)/V2 (31) 

cannot have altered the state of Si . 

In a way, result (2) already indicates a feature of ig- 
norance about the state of Si, since interchanging the 
potential "outcomes" \ai)^ through local operations per- 
formed on Si does not change any measurable proper- 
ties of Si and can therefore be viewed as leading to a 
form of "objective indifference" among these outcomes. 
It is important to note that this effect is crucially depen- 
dent on the feature of entanglement. In a nonentangled 
pure state of the form |$) (|0i) -f e*'^|02)) V2, the 
phase if must of course not be ignored (and would be 
measurable in a suitable interference experiment), and 
therefore the system described by the "swapped" state 
1$') = (102) + e''^|(/)i)) V2 is clearly physically different 
from that represented by the original state 1$). 

To make the above argument more precise, in the sec- 
ond key step of the derivation, the notion of probabilities 
of the outcomes \ai)-^ in a measurement performed on 
Si (previously only subsummed under the general head- 
ing "measurable properties of iSi") is now explicitly con- 
nected to the global state vector via an additional as- 
sumption. In jl^], Zurek offers three possible choices 
for t his a ssumption, of which we should quote one (see 
also '123]). Namely, it is assumed that the form of the 
Schmidt product states \ai)^\Pi)2 appearing in Eq. H28|) 
implies that the probabilities for \ai)^ and \Pi)2 must be 
equal. Given this assumption and using result (2) above, 
it can be readily established 0,07 122] that the probabil- 
ities for \ai)^ and 1q;2)i must be equal, thus completing 
the derivation. 
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As we have pointed out elsewhere |l22j . the need for 
the final assumption may be considered a reflection of 
the well-worn phrase that a transition from a nonproba- 
bilistic theory (such as quantum mechanics solely based 
on deterministically evolving state vectors) to a proba- 
bilistic theory (that refers to "probabilities of outcomes 
of local measurements") requires, at some stage, to "put 
probabilities in to get probabilities out." However, in 
the quantum setting, this introduction of a probability 
concept has a far more objective character than in the 
classical case. While in the latter setting probabilities 
refer to subjective ignorance in spite of the existence of 
a well-defined state (see also Sec. 0), in the quantum 
case all that is available, namely, the global entangled 
quantum state, is perfectly known. The objectivity of 
ignorance in quantum mechanics can thus be viewed as 
a consequence of a form of "complementarity" between 
local and global obscrvables and could help explain 
the fundamental need for a probabilistic description in 
the quantum setting despite the deterministic evolution 
of the global state vector. 

It is the great merit of Zurek's proposal to have em- 
phasized this objective character of quantum probabil- 
ities arising from the feature of quantum entanglement. 
While the precise role and importance of the assumptions 
entering the derivation as well as the generality of the ap- 
proach (given, e.g., the focus on Schmidt decompositions) 
would benefit from further discussion and analysis, the 
approach definitely sheds an interesting and new light on 
the nature of quantum probabilities. 



V. OBJECTIFICATION OF OBSERVABLES IN 
A RELATIVE-STATE FRAMEWORK 

A characteristic feature of classical physics is the fact 
that the state of a system can be found out and agreed 
upon by many independent observers (with all of them 
initially completely ignorant about the state) without 
disturbing this state. In this sense, classical states pre- 
exist objectively, resulting in our notion of "classical re- 
ality." In contrast, as is well known, measurements on 
a closed quantum system will in general alter its state — 
unless, of course, the observer chooses to measure, by 
pure luck or prior knowledge, an observable with an 
eigenstate that coincides with the state of the system. 
It is therefore impossible to regard quantum states of 
a closed system as existing in the way that classical 
states do. This raises the question of how classical re- 
ality emerges from within the quantum substrate, i.e., 
how observables are "objectified" in the above sense. 

In a first step, the decoherencc program, in particu- 
lar the stability criterion and the more gen eral formal- 
ism of th e "pred ictability sieve" HHIl (lllii, [S^l (see 
also Sec. Ill B 4ll . has provided an answer to the ques- 
tion of why only a certain subset of the possible states 
in the Hilbert space of the system are actually observed. 
Taking into account the openness of the system and the 



form of the system-environment interaction is crucial in 
determining a set of preferred stable states of the sys- 
tem. This supplies an elegant and physically motivated 
solution to the problem of the preferred basis, an issue 
that has often been used to cha lleng e the feasibility of 
relative-state interpretations [13 . Il25l | . Nonetheless, the 
problem sketched in the previous paragraph remains, as 
any direct measurement performed on the system would, 
in general, still alter the state of the system. 

The important next step is therefore to realize that 
in most (if not all) cases observers gather information 
about the state of a system through indirect observations, 
namely, by intercepting fragments of environmental de- 
grees of freedom that have interacted with the system in 
the past and thus ca rry in formation about the state of 
the system |3, [ij, |43, Il26j . Probably the most common 
example for such an indirect acquisition of information is 
the visual registration of photons that have scattered off 
from the object of interest (see also Sec. IVI Similiar 
to the case of decoherence, the recognition of the open- 
ness of quantum systems is therefore crucial. However, 
the role of the environment is now broadened, namely, 
from the selection of preferred states for the system of 
interest and the dislocalization of local phase coherence, 
to the transmission of information about the state of the 
system. The idea is then to show how, and which, in- 
formation is both redundantly and robustly stored in a 
large number of distinct fragments of the environment 
in such a way that multiple observers can retrieve this 
information without disturbing the state of the system, 
thereby achieving effective classicality of the state. 

This approach has recently been developed under the 
labels of "environment as a witness" (i.e., the recog- 
nition of the role of the environment as a commu- 
nication channel) and "quantum Darwinism" (namely, 
the study of what information about the system can 
be stably stored and p r olife r ated by the enviroment) 
H Q El [TM [m ini, HH [133 . To explicitly quan- 
tify the degree of completeness and redundancy of in- 
formation hmrinted on the enviro ment, the measure of 
(classical [123, [HI or quantum HinilllS) mutual in- 
formation has usually been used. Roughly speaking, this 
quantity represents the amount of information (expressed 
in terms of Shannon or von Neumann entropies) about 
the system S that can be acquired by measuring (a frag- 
ment of) the environment £. Note that the amount of 
informati on co ntained in each fragment is always some- 
what less |13(]I | than the maximum information provided 
by the system itself (as given by the von Neumann en- 
tropy of the system). 

The measure of classical mutual information is based 
on the choice of particular observables of S and £ and 
quantifies how well one can predict the outcome of a 
measurement of a given observable of S by me asuring 
some observable on a fraction of £ |l27l Il28| . The 
quantum mutua l info rmation Ts-.S, used in more recent 
studies I129I Il30j . can be viewed as a generahza- 
tion of classical mutual information and is defined as 
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Is:s = H{S)+H{£)-H{S8), where H{p) = -Tr(plogp) 
is the von Neumann entropy. Thus T^.g measures the 
amount of entropy produced by destroying all correla- 
tions between S and £, i.e., it quantifies the degree of 
correlations between S and £. Results derived from these 
measures have thus far been found to be sufficiently ro- 
bust with respect to the particular choice of measure 
P, 127, 128, 129j .l30j, although a more detailed anal- 
ysis of this issue is underway |l3(]l |. 

It has been found that the observable of the system 
that can be imprinted most completely and redundantly 
in many distinct subsets of the environment coincides 
with the "pointer" observable selected by the system- 
environment i nteractio n (i.e ., by the stability criterion of 
decoherence) [111 IIM "129, 13ff| . Conversely, most other 
states do not seem to be redundantly storable. Thus it 
suffices to probe a comparably very small fraction of the 
environment to infer a large amount of the maximum in- 
formation about the pointer state of the system. On the 
other hand, if the observer tried to measure other ob- 
servables on the same fragment, he would learn virtually 
nothing, as information about the corresponding observ- 
ables of the system is not redundantly stored. Thus the 
"pointer" states of the system play a twofold role: They 
are the states least perturbed by the interaction with the 
environment, and they are the states that can be most 
easily found out, without disturbing the system, by prob- 
ing environmental degrees of freedom. Since the same in- 
formation about the pointer observable is stored indepen- 
dently in many fragments of the environment, multiple 
observers can measure this observable on different frag- 
ments and will automatically agree on the findings. In 
this sense, one can ascribe (effective) objective existence 
to the pointer states. 

The research into the objectification of observables 
along the lines outlined in this section is only in its begin- 
nings. Important aspects, such as the explicit dynamical 
evolution of the objectification process (12S | and the role 
of the assumptions and definitions in the current treat- 
ments of the "objectification through redundancy" idea, 
are currently still under investigation, as are studies in- 
volving more detailed and realistic system-environment 
models. However, it should have become clear that the 
approach of departing from the closed-system view and 
of describing observations as the interception of infor- 
mation that is redundantly and robustly stored in the 
environment, represents a very promising candidate for 
a purely quantum-mechanical account of the emergence 
of classical reality from the quantum domain. 



VI. DECOHERENCE IN THE PERCEPTIVE 
AND COGNITIVE APPARATUS 

If, motivated by the results of the experiments de- 
scribed in Sec.^ we assume the universal validity of the 
Schrodinger equation, we immediately face two related 
consequences: 



1 . We ought to reconcile this assumption with our per- 
ception of definite states in the macroworld, since 
now there is no underlying stochastic mechanism 
(of whatever nature) that would select, in an ob- 
jective manner, a particular "outcome" among the 
terms in a superposition of, say, spatially localized 
wave packets. There exists not only a multitude, 
but also interference effects between them. 

2. If Schrodinger dynamics are universal, it is reason- 
able (at least from a scientifically reasonable func- 
tionalist's standpoint) to also describe observers 
with their perceptive and cognitive apparatuses — 
including even what could be grouped together 
und er th e rat h er v ague term of "consciousness" 
[H EM [m Ell— by unitarily evolving wave 
functions. 

Both consequences follow quite naturally from the as- 
sumption of universally exact [consequence (1)] and uni- 
versally applicable [consequence (2)] Schrodinger dynam- 
ics. Quite generally, the preferred strategy would be to 
treat them jointly: Solving the "measurement problem," 
that is, consequence (1), posed by the assumption of a 
purely unitary quantum theory, by applying this very 
theory to the observer, i.e., consequence (2). If success- 
ful, this would lead to a "subjective" resolution of the 
measurement problem, i.e., to a quantum- mechanical ac- 
count of why we, as observers, perceive definite states in 
specific bases, rather than superpositions of these states. 
In th e op ini on of this author and of others (see, e.g., 
|3ll5l [l3l[l^ll34j l. this would also represent a sufficient 
solution to the problem. 

A. General remarks 

First of all, on a rather philosophical sidenote, it is 
clear that the familiar concepts of the world of our ex- 
perience are expressed in terms of the observed specific 
definite states. We do not even have a concept available 
for what a state describing a superposition of an alive 
and dead cat would represent, because we have never ob- 
served such a state. While such a Schrodinger cat might 
seem exotic, we have seen that quite analogous states are 
realizable in the laboratory — for example, in terms of 
superpositions of currents running in opposite directions 
in SQUIDs. As we have argued in Sec. Ill B 31 the only 
way we can access such superpositions in terms of our 
concepts (and not just in mathematical terms) is through 
the definite current states \L) and \R) that arc observ- 
able as individual preferred states of the system upon 
measurement. 

Furthermore, it is virtually indisputable that we must 
describe all observations in terms of physical interactions 
between the observed system and the observer, i.e., by 
means of an appropriate interaction Hamiltonian flint. 
Such interactions do not have to be, and usually are not, 
direct. For example, the probably most common type 
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of observation involves the interception of a number of 
photons that have interacted with the object of interest 
in the past and whose state is thus entangled with the 
state of the object. These photons then contain indirect 
and redundantly coded information about the object that 
can be revealed without significantly disturbing the state 
of the object (see Sec. Iv|) . 

If the perception of definiteness is not introduced as an 
extraneous postulate, but is rather understood as emerg- 
ing from the unitary quantum formalism itself when ob- 
servations and observers are described in physical terms, 
it is inevitable that attempts have to be made to analyze 
the cognitive apparatus in quantum- mechanical terms. 
It is clear that giving such an account of subjective defi- 
niteness by referring to the physical structure of observers 
cannot share the mathematical compactness and exact- 
ness of axiomatically introduced rules that enforce defi- 
niteness on a fundamental level of the theory. However, 
it is important to note that, given the paramount role of 
observations in quantum mechanics (mostly owing to the 
fact that, in general, states do not pre-exist in a classical 
sense), postulating such "exact" rules is tantamount to 
simply avoiding a physical analysis of crucial and objec- 
tive (that is, interpretation-neutral) physical processes 
(cf. Kent's objections to "many-worlds" interpretations 
|1^ and Wallace's defense 0|). 

If a purely unitary time evolution is assumed and ob- 
servations are modeled as physical interactions, the con- 
clusion of the existence of quantum-mechanical superpo- 
sitions of brain states corresponding to the different "out- 
comes" of observations is inescapable. Individual percep- 
tions are represented by certain ne uronal resting/firing 
patterns in the brain (see |l35l Il36| | for more precise def- 
initions of this relationship). As we shall discuss in the 
next section, superpositions of resting and firing states 
of a neuron are extremely sensitive to environmental de- 
coherence, with the resting and firing states forming the 
robust neuronal states. These states can thus be identi- 
fied with "record states" that are capable of robustly en- 
coding information in spite of environmental interactions 
0, 01 . As a consequence of the practically irreversible 
dislocalization of phase relations between these record 
states through entanglement with the environment, a dy- 
namical decoupling of these states results. This process 
represents an objective branching process due to physical 
interactions between subsystems and with the environ- 
ment. 

The remaining question is then how to relate this ob- 
jective branching to the perceived subjective "branches of 
consciousness," i.e., collective memory states, or "minds" 
(von Neumann's principle of the "psycho-physical paral- 
lelism" |l3lj '). Of course, the existence (and therefore 
the locality) of consciousness cannot actually be derived 
from the quantum-mechanical formalism. This has led 
some authors to conclude that the question of the rela- 
tionship between subjective experience and its physical 
correlates can only be fully answ ered through the intro- 
duction of new physical laws |l36j . However, in the opin- 



ion of this and other authors (see, for example, jTHIll), 
it is an entirely viable (if not compelling) strategy to pos- 
tulate, within the formalism, the existence of conscious- 
ness based on the empirical fact of decohering wavefunc- 
tion components in neuronal processes, by associating the 
robust components of the global wave function labelled 
by the decohered neuronal states with dynamically au- 
tonomous observers |lllllfl3, 14, 15, 137, 13J|. 

Due to the absence of more concrete theoretical and ex- 
perimental insight into the physical underpinnings of the 
cognitive apparatus with its associated complex entities 
such as the "mind," "consciousness," and even the com- 
parably basic "record states," the above brief account 
of how subjective definiteness may emerge from purely 
unitary quantum mechanics must (at least for now) re- 
main inherently somewhat vague and nontechnical. For- 
tunately, however, the main points of the argument are 
quite independent of, say, the precise details of the struc- 
tures and dynamics of the information-processing cogni- 
tive entities, since the ubiquity and effectiveness of deco- 
herence is likely to lead to very robust results. We shall 
therefore turn, in the next section, to concrete estimates 
for decoherence rates in neurons. 



B. Decoherence of neuronal superpositions 

The extremely complex network of about 10^^ inter- 
acting neurons in the brain undoubtly comprises a ma- 
jor part of the cognitive machinery used for processing 
and storing of information obtained from sensory input. 
Computer models of such neuronal networks (employ- 
ing a massively parallel interconnected web of "switches" 
that are turned on and off depending on some, typically 
nonlinear, activation function) can exhibit rich and com- 
plex behavior similiar to that encountered in cognitive 
processes.^ In particular, it is reasonable to identify the 
"record states" mentioned above with individual neurons 
or neuronal clusters. One might conjecture that ulti- 
mately all cognitive processes (and thus presumably also 
our perception of consciousness) are due to neuronal ac- 
tivity. 

Thus the importance of a quantitative investigation of 
decoherence in neuronal states should be clear. Tegmark 
p39j has estimated decoherence rates for a superposition 
of a firing and non-firing neuron in the brai n. T he firing 
is represented by a large number iV ^ 10^ |139| of Na+ 



^ However, as Donald Il36l has pointed out, the brain should not 
be thought of as a deterministic classical computer with a pre- 
dictable input /output pattern, since synaptic transmissions have 
a fairly high failure rate due to the complexity of the underlying 
biological processes. The large number of about 10^'' synapses in 
the human brain, with each neuron firing in average several times 
per second, inevitably leads to a high degree of unpredictability 
on the "everyday level" that is much more significant than effects 
due to pure quantum uncertainties. 
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FIG. 11: Schematic illustration of the axon membrane of a 
neuron. The firing of the neuron corresponds to a net flow 
of iV ~ 10^ sodium ions into the inside of the axon. Super- 
positions of firing and non-firing neuronal states (i.e., of A*" 
ions being in a spatial superposition of inside and outside the 
membrane) are decohered on a time scale of about 10"^" s 

[iai. 



ions moving across the membrane into the inside of the 
axon (Fig. Ill|l . Thus, a superposition of a firing and 
nonfiring neuron corresponds to a spatial superposition 
involving 0{N) Na+ ions. 

The extensive difference iSext (see Sec. Ill A|l can then be 
estimated to be on the order of 10^-10^, given by a small 
multiple of the thickness h ^ 10 nm of the axon mem- 
brane separating the inside and outside regions, relative 
to the size of a Na"*" ion, which is on the order of 0.1 nm. 
While this value for Scxt is comparably small, the degree 
of entanglement iSent is somewhat closer to the values 
listed in Table Taking it to be equal to the number of 
microsopic constituents, we obtain iSont ~ 3 x 10^. Thus 
a neuron being in a superposition of firing and resting 
quite clearly falls into the macrosopic category. 

The decoherence rates for this superposition as esti- 
mated by Tegmark are, as expected, extremely fast. The 
three main sources of decoherence in this case, namely, 
ion-ion scattering, ion-water collisions, and long-range 
Coulomb interactions due to nearby ions, all result in 
decoherence times on the order of 10^^" s. 

One obvious implication of fast neuronal decoherence 
is that coherent superpositions in neurons could never be 
sustained long enough to allow for some form of quan- 
tum computation. This result appears to be much more 
clearly established than an answer to the question of 
whether the relevant decoherence times are long enough 
to allow for quantum computation in microtubules (dy- 



namically active structures that are a dominant part of 
the cytoskeleton, i.e., the internal scaffolding of cells). 
Suggestions in the positive, including the association of 
such quantum computations with t he emergence o f con- 
sciousne ss, h ave been put forward in Il40lll4llll42l |. criti- 
cized in |139| , sub sequently defen ded in |l43l |. and further 
evaluated in |l44j (see also |l45l|'). 

However, the question much more relevant to the 
theme of this paper concerns the implications of neuronal 
decoherence for a decoherence-based account of subjec- 
tive definiteness in unitary quantum mechanics — i.e., 
for a subjective resolution of the "measurement prob- 
lem." To this extent, let us in the following discuss a 
simple step-by-step quantum-mechanical account of the 
chain of interactions leading to the recording of a visual 
event in the brain. 



C. Schematic sketch of the chain of interactions in 
visual perception and cognition 

Suppose that a small number of photons interact with 
an object O described by a pure-state superposition of 
two macrosopically distinct positions. This step already 
can be viewed as an environmental decoherence process, 
where now, however, the environment assumes a crucial 
role as a carrier of information (see Sec. 0). Due to 
entanglement, the combined object-photon system will 
be described by a superposition of the form 

l*oP> - -^{\iJi)o\^i)v + \^2)o\h)v)^ (32) 

where Ui, i — 1,2, are the two distinct (small) spa- 
tial regions associated with the object, and \(t>i)-p de- 
note the corresponding classically distinct collective pho- 
ton states. A conceptually similiar arrangement on the 
mesosopic scale has explicitly been studied in experi- 
ments involving a single rubidium atom (representing the 
object) in a superposition of two internal levels and en- 
tangled with a cavity radiation mode (corresponding to 
the collection of photons) ^] . 

Initial detection of such a collection of photons in the 
(human) eye is associated with rhodopsin molecules in 
the retina. Due to their mesoscopic properties, rhodopsin 
molecules are subject to strong decoherence, such that 
already at this stage the influence of the environment will 
have preselected the robust states \pi)-ji of the rhodopsin 
molecule, which correspond to certain photon detection 
events \(j)i)-p- The total state I^'opk) will then be given 

by 

l^OVn) = --^(|t^l)o|(/)l)p|pi)7j + |c^2)oI02)pIP2)k), 

(33) 

i.e., the photon- rhodopsin interaction should lead to an 
(albeit, due to the influence of decoherence, very frag- 
ile) superposition of the different biochemically distinct 
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states \pi)-ji of the rhodopsin molecule.^ These relative 
states can then be expected to be further correlated with 
the appropriate states \vi)j^ of neuronal arrays that are 
mainly located in the primary visual area in the occipital 
lobe of the brain. Suppose that the two "events" repre- 
sented by the two distinct states \pi)-ji^ of the rhodopsin 
molecule (corresponding to the different photon states 
\4'i)-p that in turn carry information about the two dis- 
tinct spatial regions of the object) are encoded by the 
states \vi)j^, i = 1,2, describing the same collection of N 
neurons in two different firing/resting patterns. 

As a simple example, let us take = 3, and — 

|1)mIO)a^J1)aA3 and W2)j^ = |0)a^J1)aaJ1)aA3' ^'^^'^e 
\0)j^, and \0)j^. denote, respectively, the resting and fir- 
ing state of the ith neuron. Then the combined state 
I'^ovnN') will be given by 

I'fovnM) = -^(|u;i)o|0i)p|pi)7j|lVjOVJlV3 

+ k2)ol<^2>plP2)K|0VJlVJlVj. (34) 

The extreme fast decoherence rate for the neurons 1 and 
2 being in a superposition of firing and resting will lead 
to a practically irreversible dynamical decoupling of the 
two branches that now describe two distinct "outcomes" 
encoded by We may then identify these states 

with the basic memory states, although, strictly speak- 
ing, the physical process of actual information storage in 
the br ain (i .e., learning) occurs only in two subsequent 
stages [l49|. First, in form of short-term memory, be- 
lieved to be due to certain biochemical and electrical in- 
teractions between neurons. Second, as long-term mem- 
ory that is based on actual structural changes in the brain 
("neuroplasticity"), most notably, due to the formation 
of new connections (synapses) between neurons and due 
to internal changes in the synaptic regions in individual 
neurons. 

However, since all these processes will again be sub- 
ject to strong decoherence, the essence of our argument 
is not altered: The states in a superposition of neuronal 
firing patterns will rapidly entangle with approximately 
orthogonal (i.e., macrosopically distinguishable) states of 
the environment and thus lead to the formation of lo- 
cally noninterfering (that is, dynamically autonomous) 
branches labelled by these "outcome" states. Regardless 
of the precise physical, chemical, biological, psychologi- 
cal, etc., details of perceptive and cognitive activity, it 
is quite clear that decoherence effects are likely to be 
sufficient to explain the emergence of a subjective per- 
ception of single outcomes, represented by stable, "clas- 
sical," record states, from a (by all accounts macrosopic) 
global superposition. 



A search for expe rimen tal evidence for such superposition s ha s 
been suggested in Il46l : for an experimental proposal, see Il47l . 
Cf. also Il48l for an (unconvincing) suggestion that the visual 
apparatus itself might trigger a physical collapse. 



VII. DISCUSSION AND OUTLOOK 

We have analyzed three important experimental 
domains — namely, SQUIDs, molecular diffraction, and 
Bose-Einstein condensation — that have demonstrated (or 
at least have come very close to demonstrating) the 
existence of superpositions of states that can be con- 
sidered macrosopically distinct in comparison with the 
microsopic states "typically" treated in quantum me- 
chanics. These experiments have provided powerful ex- 
amples for the validity of unitary Schrodinger dynam- 
ics and the superposition principle on increasingly large 
length scales. They have also shown how the fragility of 
macrosopic superpositions can be precisely understood 
and controlled in terms of environmental interactions and 
the resulting decoherence effects. 

Of course, these experiments do not falsify the possi- 
bility that the Schrodinger equation might not be exact 
under all circumstances. In fact, no finite number of 
experiments that show the validity of unitary dynamics 
could ever do. To do so, a "positive-test" experiment 
would be needed that could explicitly demonstrate non- 
linear deviations from the Schrodinger equation. Leggett 
[3^ Is^ l has presented a Bell-type inequality that would 
be obeyed by what he calls the class of "macrorealistic 
theories," while it would be violated by the predictions 
of purely unitary quantum mechanics. The "macroreal- 
istic" class is defined to represent all theories in which 
macrosopic systems are always in a single definite state 
among a collection of possible macrosopically distinct 
states, and in which this definite state can be found out 
without perturbing the state and dynamics of the sys- 
tem. So one might, at least in principle, through suitable 
experiments be able to exclude either any such macrore- 
alistic theory or the universal validity of the Schrodinger 
equation. Such a strategy would be similiar in spirit to 
the tests of Bell's inequalities, which rule out a large class 
of, if not all, local realistic theories. (See Sec. 6 of and 
references therein for some first ideas in this direction.) 

At the current stage, however, it is the opinion of the 
present author that, in absence of any positive evidence 
for deviations from unitary dynamics, combined with the 
continued experimental verification of increasingly large 
"Schrodinger cats" (whose time evolution, including de- 
coherence effects, is in perfect agreement with unitary 
dynamics), it appears to be not only reasonable, but 
moreover compelling, to entertain the possibility of a uni- 
versally exact Schrodinger equation seriously and to fully 
explore the consequences of this assumption. 

The experiments described in this paper have demon- 
strated rapid progress in achieving, controlling, and ob- 
serving superpositions of increasingly distinct states. Ex- 
periments involving superpositions of classically distin- 
guishable states of a few photons [s^, |^ have been fol- 
lowed by collective superpositions of 10^ electron pairs in 
SQUIDs and double slit-type experiments using massive 
molecules with a large number of degrees of freedom. It 
is only a matter of time until number-difference super- 
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positions involving on the order of 10^ rubidium atoms 
will be experimentally realized in BECs. It is rather un- 
likely that this progress towards experimental evidence 
for increasingly large superpositions will encounter any 
fundamental boundaries in the near future. As we have 
seen, the main limit seems to be given by the ability to 
shield the system sufficiently from the decohering influ- 
ence of the environment. This limit is open to precise 
quantitative analysis. 

In view of this situation, we may now legitimately ask 
what the next steps in solidifying the empirical support 
for a purely unitary quantum theory and its consequences 
might ideally look like. To this extent, we remark that 
superpositions of macrosopically distinct states that refer 
to biological (and, even more so, animate) objects seem 
to have been considered as particular "paradoxical" — 
after all, Schrodinger chose a cat to illustrate his famous 
Gedanken experiment. This attitude may be traced back 
to several reasons. For example: 

1. The "distinctness" between the states referring to 
biological objects is usually extremely complex. 
Not only is the number of physical, chemical, bi- 
ological, etc., differences between a dead and alive 
cat overwhelmingly vast, even two functionally dif- 
ferent states of a simple biological molecule will be 
distinct in a large number of features. By contrast, 
in the examples involving inanimate objects, such 
as BECs and SQUIDs, the states in the superposi- 
tion usually differ only in a single physical quantity, 
such as total angular momentum or magnetic mo- 
ment. 

2. While we might be willing to accept the existence of 
an "exotic" superposition under extreme physical 
conditions (such as superconducting currents in a 
bulk of matter cooled down to temperatures close 
to absolute zero), biological objects reside in the 
parameter regime characteristic of the world of our 
everyday experience. 

3. If the superposition principle is applied to human 
observers (specifically, superpositions of "states of 
consciousness," etc.), we feel that our most basic in- 
tuition about possessing a unique identity has been 
infringed upon. 

Especially in light of the first two arguments, the 
molecular diffraction experiments appear to be the most 
"natural" realization of superpositions of macrosopically 
distinct states. In fact, as pointed out in Sec. Ill (J2l in- 
terference effects have already be experimentally demon- 
strated for a biological molecul e ISll. a nd larger biological 
structures are likely to follow Im, ISSll (see also Fig. 1^1). 

However, another interesting direction could al so b e 
taken from here. As suggested for example in [33 . Il46|| . 
one might try to look for interference effects between (and 
thus superpositions of) biologically distinct states of the 
same biomolecule, rather than for the spatial superposi- 
tions demonstrated in the current molecular-diffraction 



setups. While such experiments would be considerably 
more difficult to carry out due to the required near-m 
vivo environmental conditions (room temperatures, pres- 
ence of a surrounding medium such as an aqueous solu- 
tion, etc.), which would lead to very strong decoherence 
effects, there does not seem to exist a fundamental obsta- 
cle that would prevent one in principle from the realiza- 
tion of such superpositions in a cleverly designed setup. 

Experiments that would find some basic biological 
structure in a superpositions of distinct states corre- 
sponding to different biological "inputs" might in turn 
indicate the presence of a superposition of input signals 
originating from the inanimate outside world (e.g., a su- 
perposition of photon states entangled with spatially dis- 
tinct states of a single object — see Sec. IVI Cp . They 
could also provide direct empirical evidence for conse- 
quences of purely unitary quantum mechanics in the 
regime of more complex structures that are part of con- 
scious (human) observers, and might therefore also ease 
the discomfort spelled out in item (3) above. 

Given that experiments [sH have demonstrated a 
splitting of the localized state of a biomolecule into 
"branches" corresponding to distinct paths, it would also 
be worth discussing, as Zeh fl3| puts it, 

the consequences of similar Gedanken exper- 
iments with objects carrying some primitive 
form of "core consciousness" — including an 
elementary awareness of their path through 
the slits. 

In such a situation, after passage through the slits, the 
state of the object would be described by a superposi- 
tion of spatially distinct trajectories. However, due to 
its awareness of the path, it would thus also be in a su- 
perposition of multiple (local) "states of consciousness." 
Environmental scattering would then lead to entangle- 
ment with path-encoding variables (decoherence), which 
hence would also destroy interference effects between the 
"branches of consciousness," and thus the different paths 
would be "experienced" separately. In the absence of de- 
coherence, it would be possible to coherently recombine 
the branches into a single localized wavepacket identical 
to the state before the passage through the slits. It then 
follows from the standard quantum-mechanical formal- 
ism that the associated object then cannot have retained 
any "memory" of the path taken before the recombina- 
tion. For related ideas using the example of neutron in- 
terferometry, see [T^ . 

As it is well known, Bohr has repeatedly insisted on 
the fundamental role of classical concepts (see, for exam- 
ple, |l5Ct lisij '). The experimental evidence for superpo- 
sitions of macrosopically distinct states on increasingly 
large length scales counters such a dictum. Superposi- 
tions appear to be novel and individually existing states, 
often without any classical counterparts. Only the phys- 
ical interactions between systems then determine a par- 
ticular decomposition into classical states from the view 
of each particular system. Thus classical concepts are 
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to be understood as loeally emergent in a relative-state 
sense and should no longer claim a fundamental role in 
the physical theory. 

We have already widely acknowledged, based on ex- 
perimental evidence, the fundamental nonlocality of the 
quantum world, in spite of the utterly nonclassical im- 
plications. We also have obtained direct evidence for the 
validity of unitary dynamics and the superposition prin- 
ciple in all experiments conducted so far, although this 
has forced us to again accept extremely nonclassical situ- 
ations as physical reality. Why not let these experiences 
guide us to extend our willingness to entirely give up 
classical prejudice and instead explore the consequences 
of a strictly unitary quantum theory embedded into a 
minimal interpretive framework? After all, exploring the 
implications of pure quantum features to the largest pos- 
sible extent can in turn give us back the familiar "classi- 
cal" notions of the world of our experience. As we have 



discussed in this paper, consequences of highly nonlocal 
quantum entanglement lead to the local disappearance 
of quantum interference effects, may explain the origin 
of probabilities in quantum mechanics, and are likely ca- 
pable of accounting for the objectification of observables 
and therefore the emergence of effective classical reality, 
thus supplying the missing pieces of the basic Everett 
theory that have frequently been been used to challenge 
the viability of a relative state-type "minimal interpre- 
tation." 
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